This article represents a first step in a large study aimed at elucidating the relationship between production and perception involved in sound change of /o/ in (Seoul) Korean. In this paper we present the results of a production study and a perception experiment. For the production study we examined vowel production data of 20 young adult speakers, measuring the first and second formants, then conducted a discriminant analysis based on those values. In terms of their F1-F2 values, the distribution of /o/ and /u/ were close, and even overlapping in some circumstances, which is consistent with the literature. This tendency was more apparent among the female speakers than the males. Moreover, with the females' distributions, /o/ was frequently categorized as /u/, suggesting that the direction of the sound change is indeed increasing from /o/ to /u/. Next, to investigate the effects of this proximity on perception, we used the production data of five randomly selected speakers from the production study as stimuli for a perception experiment in which 21 young adult native speakers of (Seoul) Korean performed a vowel identification task and provided a Goodness rating on a 5-point scale. We found that while rates of correctness were high, when these correctness scores were weighted by the Goodness rating, these "weighted correctness" scores were lower in some cases, indicating a degree of confusion in distinguishing between the two vowels.
Introduction
The acoustic properties of Korean vowels have been reported on by numerous phoneticians to date (e.g. Han 1963 ; Lee & Zhi 1983; Chung et al. 1988; Yang 1992 Yang , 1996 .
Within that body of literature, a number of reports observe that, in the Seoul variety of Korean, the vowel qualities of /e/ and /ɛ/ differ across generations of speakers, and production and perception of /e/ and /ɛ/ are merged by young-adult Seoul dialect speakers (Umeda 1995 , Lee & Ramsey. 2000 .
Additionally, in recent years, several studies have observed /o/ raising towards /u/ in vowel space as plotted in F1/F2 1) Sophia University, t-igeta@sophia.ac.jp 2) National Institute for Japanese Language and Linguistics sonumee@ninjal.ac.jp 3) Sophia University, arai@sophia.ac.jp While raising of males' /o/ was not observed by Chung et al. (1988a) , it is entirely plausible that females raised /o/ at the time.
Studies which focus on sex differences include Seong (2004) , Moon (2007) , and Igeta (2011) . Seong (2004) looked at sex differences and found that, in Euclidean distance in F1-F2 space, /o/ was closer to /u/ among males than among females, whose /o/s were 1.36 times as distant. That is, compared to females, /o/ and /u/ were closer among males than among females. Moon (2007) also investigated the effect of sex on /o/ and /u/ and found that while the distributions for both vowels were extremely close for both sexes, they nonetheless statistically formed separate vowel groupings. However, these results may reflect greater distinctiveness as the data used for analysis were selected from the results of a perception experiment, and not the study's larger dataset.
A later study by Igeta (2011) conducted a series of case studies of individual native Korean speaker's F1 and F2 values for 8 vowels and conducted an analysis using iso-probability ellipses. The results indicated females' distributions for /o/ and /u/ overlapped more than males'.
From this study, we can note observations of close proximity between /o/ and /u/ as well as overlap between them; however, the study in Igeta (2011) was limited to qualitative analysis, but not quantitative. and focused on phonological position as well as age differences. examined the distance between /o/ and /u/ as a function of age and reported that the two were closer among younger speakers. Moreover, looking at the distance between /o/ and /u/ in two-syllable words produced by younger speakers, they found that /o/ overlapped with /u/ in the second syllable for both males and females; however, in the first syllable, only females' /o/ distributions overlapped with /u/ while the males' did not. This shows that /o/ is involved in a change in progress for both sexes, but the change is further along among females than among males. Furthermore, in regard to the non-initial positional restriction shown by Chae (1995) , did not observe this for the female speakers in their study. In this way we can see that where close proximity between /o/ and /u/ is an acoustic characteristic in play, as it were, it is plausible for the perception of either vowel to be affected in some way.
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Speech perception by Seoul dialect listeners
Vowel perception proceeds based on differences in their formant frequencies, whereby a wide variety are distinguished.
For this reason, analysis of the lower formant frequencies has featured prominently in research on vowel perception. Chung et al. (1988b) conducted a perception experiment with native listeners of the Seoul and Kyungsang dialects using the vowels of both dialects as stimuli. In terms of their acoustic features, the stimuli they used for /o/ and /u/ were such that -acoustically -they clearly represented two was relied on as a cue more than F1. However, since Yun's participants were not Seoul speakers, it can be argued that the results are not entirely generalizeable to the Seoul dialect even if we assume the participants used standard language.
Purpose of present study
In the context of the foregoing research, the present study investigates the sound change described as the approximation between the Korean back vowels /o/ and /u/. The present study and its relation to existing literature are summarized in Figure 1 . Specifically, we investigate the proximity of these vowels and address the follow two research questions: 
Recorded sounds
We asked each of the 20 participants in our study to record each of the eight Korean monophthongs /a, i, ɯ, u, e, ɛ, ʌ, o/ three times, for a grand total of recorded 480 utterances (20 ´ 8 ´3 = 480).
Procedure
The vowel targets were presented one by one on a computer screen in Hangul orthography in a quiet room (background noise level: 28.9 dBA). Participants uttered the vowels as they were presented randomly, and these utterances were recorded using a digital sound recorder (Marantz PMD 660) and a microphone (SONY ECM-23F5) a sampling frequency of 48 kHz and a quantization level of 16 bits.
Measurement of F1 and F2
Our targets were isolated 8 vowels (/a, i, ɯ, u, e, ɛ, ʌ, o/), 말소리와 음성과학 제6권 제3호 (2014) and those were uttered three times by 20 participants. Thus, we analyzed the total number of 480 utterances. We measured the vowel formants by using XKL software (Klatt, 1984) .
Some preparation was necessary before using XKL. First, these utterances were downsampled from 48 kHz to 8 kHz. (Umeda 1995 , lee & Ramsey, 2000 . We can also see in the figures is that the distributions for /o/ and /u/ are noticeably closer to one another compared with the other vowels, a similar tendency as that observed by Igeta (2011) and Kang et al. (2013) . The remainder of this section will focus on /o/ and /u/ in more detail.
Let us now turn to the F1 and F2 values for /o/ and /u/ as well as their distribution. Looking at the values for male speakers shown in Table 1 , we see that the average F1 for 
Discriminant analysis
We conducted the discriminant analysis based on the statistical method by using Mahalanobis' distance to see whether each token is properly categorized as the same vowel or miscategorized as the counterpart within an arbitrary vowel pair. Mahalanobis' distance is normalized distance given by dividing vowel formant by standard deviation. This analysis shows to which group, whether each token is close /o/ or /u/.
The procedure is as follows. First, Mahalanobis' distance of each data point (V1) is measured from data sets of both V1 and V2. Next, we compared the Mahalanobis' distances to determine which data set is closer to each data point. Finally, we counted the number of data points which are close to the data set of V1. The numbers were counted within all combinations of V1 and V2.
The results of the discriminant analysis of production data are shown in Tables 3 (males) and 4 (females). Tables 3 shows the discrimination results for the male speakers. Here, since there were 9 speakers repeating each vowel 3 times, the maximum possible correct categorization per measure is 27. V1 indicates the vowel category to which each token is actually assigned, and vowels in V2 represents possible vowel categories to which each token can be assigned. Looking at the Tables 3, we see that /o/ was categorized to be /o/ in 26 cases, and /o/ was categorized to be /u/ in 1 case. With /u/, it was categorized as /u/ in 26 cases, and as /o/ in 1 case. Table 4 shows the discrimination results for the female speakers. Here, since there were 11 speakers repeating each vowel 3 times, the maximum possible correct categorization per measure is 33. Looking at the Table 4 , we see that /o/ was categorized to be /o/ in 17 cases, and /o/ was categorized to be /u/ in 16 cases. With /u/, it was categorized as /u/ in 25 cases, and as /o/ in 8 cases. From the above, we found that the categorical error of distributions was further advanced among the female speakers than the males. This finding is consistent with previous studies (Chae 1995 , which found that the degree of 
Perception experiment
We conducted a perception experiment to ascertain whether Seoul Korean speakers could distinguish between these two vowels, /o/ and /u/, which have come into close approximation in F1-F2 space. To do this, we randomly selected a subset of the data analyzed in §2 and used these as stimuli in a forced choice task. Participants listened to a stimulus, then choose which of two vowels it was that they heard. Participants were then asked to rate the stimulus on a 5-point Goodness scale.
Stimuli
The stimuli used in the perception experiment were comprised of a randomly-selected subset of the data recorded in the investigative study. Specifically, where 9 males and 11 females contributed to the investigative data set, for the perception experiment we randomly selected 5 speaker's data 
Participants
Twenty-one young adult native speakers of Seoul Korean took part in the perception experiment (5 males, 16 females, average age: 22.6 years). Eighteen were from Seoul proper, and 3 were from the surrounding area of Gyeonggi.
Participant numbers and ages are summarized in Appendix.
Procedure
The /o, u/ perception experiment was performed one participant at a time in a quiet room at Seoul's Konkuk University using the speech analysis software Praat (ver. 5.3).
Stimulus tokens of /o/ and /u/ were presented randomly to each participant through SENNHEISER headphones. Upon hearing a stimulus, participants selected one of /o/ or /u/, displayed in Hangul orthography on a monitor in from of them. We arranged our set up such that participants could play a given stimulus a maximum of 2 times. In addition to selecting which of orthographic /o/ or /u/ a stimulus represented, participants also graded how well each stimulus they heard represented the category they chose by marking it according to a 5-point Goodness scale.
Analysis
Two types of correctness scores, calculated for each stimulus, are used in the analysis of perception data: a simple, non-weighted correctness score as well as a weighted-byGoodness correctness score (hereafter: weighted correctness). 
Comparison of acoustic characteristics and perception
To ascertain whether we can observe an effect of acoustic properties on perception, we now compare the results of our perception experiment from §3. For ease of comparison, the speech stimuli only for /o/ and /u/ were in F1-F2 space so that their distributions could be visually accessible. These data are comprised of the speech of the 9 males and 11 females who participated in the initial investigation, described in §2.1.1. Figure 6 shows the male speech data, and Figure 7 shows the female speech data; /o/ data points are displayed as white circles while /u/ data are white squares. Further, data points for /o, u/ used as stimuli in the perception experiment are filled in black, and the stimuli's associated speakers as well as weighted correctness scores are indicated with text boxes and arrows.
First, let us examine the males' vowel distribution ( Figure   6 ). The distributions of the two vowels /o/ and /u/ appear close together, and partly overlapping -which is consistent with previous studies ). 
Conclusion
This paper has investigated a sound change in progress reported in the literature, /o/ raising in Korean, and set as one of its research questions whether the approximation of /o, u/ among young adult speakers of Seoul Korean can be seen in vowels spoken in isolation in the same way as it has been reported in 2-syllable words. To answer this question, we conducted a production study whose results confirmed approximation of /o, u/ in vowels spoken in isolation.
Further, to ascertain the directionality of the approximation between the 2 vowels, we conducted a discriminant analysis whose results for isolated vowels were similar to those of previous reports on the overlap between /o/ and /u/ in 2 syllable words. In particular, we found that roughly half of females' /o/s were categorized as /u/. Since this was not the case f for male speakers, though, it became clear that females, more than males, categorized /o/ and /u/ as separate vowel clusters. This is consistent with similar findings in the literature which report overlap for both males and females, with the extent of that overlap being greater among females than males. Having found similar results, we were also able to investigate the extent to which overlap occurred across the two vowels among males and females.
A new finding about female speech which we were able to obtain from the production study was that the direction in which one vowel was categorized as another was predominantly from /o/ to /u/. We next conducted a perception experiment to ascertain what effect acoustic properties might have on perception. The results indicated that while listeners were able to identify the correct vowel category for a given spoken vowel, there were some stimuli whose acoustic properties confused listeners to some degree during perception. That is, while /o/ and /u/ stimuli were identified with a high degree of simple, categorical correctness, the Goodness-weighted correctness scores of some of these stimuli was lower, indicating confusion in perception.
From perception experiment, we found that while rates of correctness were high, when these correctness scores were weighted by the Goodness rating, these "weighted correctness" scores were lower in some cases, indicating a degree of confusion in distinguishing between the two vowels. Sound change has already been suggested by the acoustic characteristics. Besides, results of the perceptional experiment suggest that it may be possible that sound change in production causes perceptual merge. Therefore, it is necessary to analyze results of the perception experiment in terms of acoustic characteristics of stimuli.
In our future research on the acoustic characteristics of /o/ and /u/, we would like to examine in detail individual characteristics in conjunction with perception experiments.
Also, further examination of syllable structure and consonantal environment in conjunction with perception experiments is an avenue we would like to explore further to see if the acoustic characteristics we have observed here can be verified using those methodologies.
